Abstract Our recent work has determined the carbon content in a melting ferroalloy by laserinduced breakdown spectroscopy (LIBS). The emission spectrum of carbon that we obtained in the laboratory is suitable for carbon content determination in a melting ferroalloy but we cannot get the expected results when this method is applied in industrial conditions: there is always an unacceptable error of around 4% between the actual value and the measured value. By comparing the measurement condition in the industrial condition with that in the laboratory, the results show that the temperature of the molten ferroalloy samples to be measured is constant under laboratory conditions while it decreases gradually under industrial conditions. However, temperature has a considerable impact on the measurement of carbon content, and this is the reason why there is always an error between the actual value and the measured value. In this paper we compare the errors of carbon content determination at different temperatures to find the optimum reference temperature range which can fit the requirements better in industrial conditions and, hence, make the measurement more accurate. The results of the comparative analyses show that the measured value of the carbon content in molten state (1620 K) is consistent with the nominal value of the solid standard sample (error within 0.7%). In fact, it is the most accurate measurement in the solid state. Based on this, we can effectively improve the accuracy of measurements in laboratory and can provide a reference standard of temperature for the measurement in industrial conditions.
Introduction
Carbon content in ferroalloy has a considerable impact on certain characteristics of a ferroalloy such as hardness, toughness and plasticity [1−3] . Therefore, the measurement of carbon content in a ferroalloy is important in the process of ferroalloy smelting in modern industry. Some widely used methods are spark emission spectrometry, wet chemical analysis, X-ray fluorescence spectrometry, etc [4−6] . However, these methods are generally too time-consuming to meet the requirements for real-time quality control in industry [7−9] . Laserinduced breakdown spectroscopy (LIBS) is a technique that uses a laser as the plasma excitation source for emission spectrometry [10−14] . It can meet real-time requirements in industrial production, and has been reported by many research groups to solve the control problems in the metallurgical industry [15−18] . However it has not achieved industry-wide acceptance in practical industrial measurements; instead it is mainly used in laboratories. An important reason for this is that some factors that can be ignored under laboratory conditions cannot be ignored in practical measurements [19−21] . The measurement of the carbon content of molten ferroalloy in the lab, in general, is obtained by comparing the obtained spectrum with the spectral lines of solid standard samples [22−25] . When the spectrum line that is suitable for measuring the carbon content of the molten iron is applied to measure the carbon content on an industrial site, large variations between the actual and the measured values of the carbon content of the ferroalloy have been observed [26−27] . The difference between the laboratory environment and industrial environments can be ascribed to the following fact: under laboratory conditions the temperature of the ferroalloy is constant, the ferroalloy is heated persistently in a medium frequency induction furnace during the measurement and calibration is usually performed in the molten state; but under practical industrial conditions, the temperature decreases when the molten ferroalloy is transferred into the crucible. When the temperature of the ferroalloy is not taken into account in actual measurement [28] , the physical properties of the sample (such as temperature) influence the spectral intensity. The differences between the temperature measured on an industrial site and the temperature mea-sured in a laboratory mean that the calibration curves obtained under the laboratory conditions are not suitable for industrial applications.
The main goal of this work is to find the optimum measuring state and temperature which can not only be easily obtained under laboratory conditions but also provide the reference standard for industrial measurement. The temperature varies with time in a liquid ferroalloy but there is a constant temperature in some stages of the molten state at which the carbon signal is steady. Meanwhile, the molten state is easier to reach and retain. Therefore, the temperature in molten state can be considered as a constant in spectrum collection and measurement. The other factors are also relatively steady in the molten state. In view of the advantages mentioned above about a molten ferroalloy, we can get a more accurate value of carbon content of sample in measurement and can improve the accuracy of industrial measurement by adapting the measurement temperature to that in the molten state.
2 Experimental procedure
Materials and instrumentation
Materials: preparation of the standard ferroalloy samples (carbon content 6%-12%) into a cylindrical ferroalloy for the size of crucible that is suitable for experiments.
Instrumentation: crucible for holding ferroalloy samples (Specification: H: 7 cm, ID: 3.5 cm), intermediate frequency furnace for heating the samples (power: 600-800 kW), an IR temperature device to collect temperature, a double pulse laser (power: about 300 mJ), synchronization electronics, spectrometers, and computers. Table 1 shows the elemental contents of the prepared samples.
Experiment
First, we used optical lenses to incorporate the optical arrangement with temperature sensors. After accommodating the optical system, we linked up the computer, spectrometers, lasers and other devices. Then, we selected an appropriate wavelength for carbon emission detection in considering the spectral characteristics of ferroalloy, and we put each group of prepared standard samples into the crucible. Afterwards we collected the spectrum of solid standard samples. Since the content of the standard sample is known, we know the corresponding relations between the height of spectral line of carbon and the value of carbon content. We can then obtain the carbon content of the sample being measured by calibrating the height of spectral line to the height of the standard samples. We then heated the ferroalloy samples into the molten state via an intermediate frequency furnace. Because the rate of temperature increase is inconstant during the heating, the spectra are not collected in this phase. During this phase, we monitored the real-time temperature of ferroalloy with an IR temperature device. We then turned off the medium frequency induction furnace when the ferroalloy is completely transformed into a liquid state and stopped heating the samples. The temperature of the ferroalloy decreased gradually. We then collected the emission spectra from the samples continuously using the LIBS device. Then we correlated the recorded spectra with the temperature of the samples and we presented it in a temperature-spectral intensity curve. The schematic of LIBS experiment is shown in Fig. 1 . Carbon is a non-metallic element with a relatively high excitation energy. According to the characteristics of electronic transition, the selected spectral wavelengths are 193.03 nm and 247.856 nm in general [29, 30] . Since the ferroalloy analyzed in this experiment contains high chromium and low carbon contents, the spectrum obtained in the experiment shows that there are many spectral interferences at 247.856 nm and less interference at 193.03 nm. Therefore, we selected 193.03 nm as the carbon element analysis line in this experiment. The ferroalloy sample is solid at the room temperature (298 K). We collect spectra in this state, we then used the calibrated spectra to obtain the standard carbon content spectrum of solid samples. Afterwards, we get the carbon content spectrum of the molten ferroalloy by referring to the formula in Eq. (1) [31] . The formula for the spectral intensity is:
where h is Planck constant, A qp is Einstein transition probability, ν qp is the frequency of the transition, N q is number of particles in the q excited state, N A is the total number of atoms in the system, g q is q degeneracy states, T is temperature of the plasma induced by laser, k is Boltzmann constant, and E q is q excitation energy. In one sample, the parameters can be considered as constant except for temperature T , so the above equation can be simplified to:
where C 1 and C 2 are constants. According to the principle of plasma generation, in the process of atomic excitation, the atom firstly enters an excited state by absorbing energy, and it then enters the deexcitation stage. During this stage the atom releases photons, which produces the spectrum we can receive [32, 33] . Take carbon atom as an example, the electronic distribution of the ground state is 1s 2 2s 2 2p
2 and the excited state is 1s 2 2s 1 2p 3 . The carbon atoms absorb a certain amount of energy in the process of excitation, and an electron in a low energy 2s orbit can be excited to a high energy 2p orbital. Then with the original three 2p orbital electrons they are hybridized to form four sp 3 hybrid orbitals with equal energy. Deexcitation then occurs, the excited electron goes back to the original low energy orbit and releases photons, which produce the spectrum that we collect. For the same sample (unexcited), the energy of the carbon atom is different at different temperatures. When the sample receives the laser energy launched by LIBS, there are more carbon atoms being excited in the sample at higher temperature, and the number of photons being released in the process of deexcitation is also more. Therefore, the spectra that we collected are also different for the same sample at different temperatures. Ignoring some other factors which have little effects, the spectral amplitude can be thought to be directly affected by the sample temperature. From formula (2) and the above analysis, we can get the relation between the temperature:
where t is the temperature of plasma, T s is the temperature of the sample, E is the energy released by LIBS, and C 3 is correction factor. So we can get the relationship between the temperature of the sample and spectral intensity:
Compare the theoretical value from Formula (4) with the experimental data, the relationship between the temperature and spectral intensity is shown in Fig. 2 .
From Fig. 2 , it is obviously seen that the melting temperatures of the samples are all between 1580 K and 1660 K. It is shown that the different content of elements in samples can influence the melting temperature of the samples, but the effect is so small that the change of the spectral amplitude is also small. In the actual measurement, if the measuring accuracy admits a range of error, then the small differences in the temperature caused by the small differences in the element content of the samples can also be ignored. Therefore, we can take a suitable small range of temperatures around the molten temperature of the sample as the range of measuring temperature. This figure also shows that the changing trend of the temperature of each sample is roughly the same, and that the spectra intensity changes greatly with the change of temperature for each sample. Great attention should be paid to the influence of temperature during the process of analysis and the temperature should be particularly discussed. Fig.2 Relationship between temperature of the sample and spectral intensity
Temperature variation of the ferroalloy sample
Because of the noticeable impact of temperature variation on carbon content determination, it is necessary to discuss the temperature variation of ferroalloy to find the best temperature range for carbon content determination. Fig.3 Temperature variation of a naturally cooling hot ferroalloy Fig. 3 shows the natural cooling temperature curve of a liquid ferroalloy. We divide the entire process into three stages: in the first stage, liquid ferroalloy temperature is substantially linearly decreasing. During this stage the liquid ferroalloy is just taken out from furnace, so the temperature decreases rapidly due to the strong inside and outside temperature difference. When the temperature drops to a certain value and remains steady (this value depends on the contents of various elements in ferroalloy), the thermal motion of ferroalloy molecules is reduced and the ferroalloy turns into crystalline state. At this time, intermolecular bond energy changes [34, 35] and the intermolecular potential energy E p decreases and is released. When the released energy equals the energy loss (∆Q) due to the temperature difference (i.e. ∆E p = ∆Q), the temperature of molten ferroalloy stays at a constant value. After this steady state lasts for a certain time interval, the temperature changing process of ferroalloy proceeds to the third stage, where the temperature of the ferroalloy appears to be linearly decreasing.
Since the temperature change in the second stage (molten state) is relatively moderate and the temperature can stay at a value for a certain interval of time, this stage should be used as the best spectral collection period for carbon content determination.
The effect of temperature variation on the measurement
The above discussion shows the temperature variation process of a ferroalloy from the liquid state to the solid state, and the impact of ferroalloy temperature variation on the spectral intensity. In other words, the temperature variation of ferroalloy also impacts the carbon content determination of the ferroalloy. So it is necessary to find the optimal temperature range for carbon content determination. According to the known relationship of spectral intensity and temperature, the relationship of spectral and the temperature can be clearly obtained. The ratio of the spectral intensities of the same sample at two temperatures T S1 and T S2 is:
According to Fig. 2 and formulas (4), (5), the value of the carbon content of each ferroalloy sample at different temperatures can be calculated, as shown in Table 2 .
Formula (2) and Table 2 reveal the relationship between the spectral intensity (related to the measured value of carbon content) and the temperature of the sample, which is inversely exponential, i.e. the increase speed of spectral intensity decreases gradually as the temperature increases. Comparing the certified carbon content in Table 1 with the carbon content measured at the respective temperatures shown in Table 2 , the error is shown in Table 3 . The great influence of temperature variation on the carbon content determination can be clearly seen from Table 3 . The error of carbon content determination is minimal at the temperature of the molten state (1620 K), as shown in Table 3 , so the acquired spectrum is optimal at this temperature.
Conclusions and perspectives
In this paper, we have discussed the temperature variation trend of a ferroalloy as well as its impact on carbon content determination of ferroalloy using LIBS. In the molten state, the ferroalloy temperature can stay at a steady value for a period of time and the error of carbon content determination is the smallest in the molten state. Therefore, the molten state can be chosen as the ideal spectral collection state for the ferroalloy carbon content determination. The shortcomings of the spectral in a liquid state can be effectively eliminated when it is in molten state. The results obtained in the laboratory are also available for industrial applications, and can get a relatively accurate value in carbon content determination. The method developed in this work can apply not only to carbon content determination in ferroalloy but also to content determination of other elements in other alloys. Thus our results are highly universal and significant.
One of the largest drawbacks of the LIBS technique is its poor repeatability. The method presented in this paper is effectively improved but for repeatability there is still ample room for improvement. Meanwhile, the technique represents much improvement in real-time applications than some other methods but it does not yet reach precise real-time application. If scientific research achieves further advancement in the repeatability of LIBS, then the technique will fit a wider range of applications in metallurgy. 
